An aldehyde oxidase, which oxidizes various aliphatic and aromatic aldehydes using O 2 as an electron acceptor, was purified from the cell-free extracts of Pseudomonas sp. KY 4690, a soil isolate, to an electrophoretically homogeneous state. The purified enzyme had a molecular mass of 132 kDa and consisted of three non-identical subunits with molecular masses of 88, 39, and 18 kDa. The absorption spectrum of the purified enzyme showed characteristics of an enzyme belonging to the xanthine oxidase family. The enzyme contained 0.89 mol of flavin adenine dinucleotide, 1.0 mol of molybdenum, 3.6 mol of acid-labile sulfur, and 0.90 mol of 5P-CMP per mol of enzyme protein, on the basis of its molecular mass of 145 kDa. Molecular oxygen served as the sole electron acceptor. These results suggest that aldehyde oxidase from Pseudomonas sp. KY 4690 is a new member of the xanthine oxidase family and might contain 1 mol of molybdenum^molybdpterin^cytosine dinucleotide, 1 mol of flavin adenine dinucleotide, and 2 mol of [2Fe^2S] clusters per mol of enzyme protein. The enzyme showed high reaction rates toward various aliphatic and aromatic aldehydes and high thermostability.
Introduction
Aldehyde oxidoreductase (EC 1.2.3.1), which catalyzes the oxidation of aldehydes by molecular oxygen or other electron acceptors to the corresponding carboxylic acids, belongs to the xanthine oxidase family, a family of molybdenum (Mo)-containing hydroxylase [1^3] .
Aldehyde oxidase of animal origin has been extensively studied. The animal enzyme catalyzes the oxidation of various aldehydes and nitrogen-containing heterocyclic compounds in the presence of O 2 or certain redox dyes [4^6] . The animal enzyme consists of a dimer [molecular mass (MW) 300 kDa] of a single polypeptide chain containing a Mo^molybdpterin complex, two types of [2Fe2 S] clusters, and a £avin adenine dinucleotide (FAD) molecule as prosthetic groups [7^9] .
Plant aldehyde oxidase from Arabidopsis thaliana and maize coleoptiles preferentially oxidizes aromatic aldehydes such as indole-3-acetaldehyde and benzaldehyde in the presence of oxygen or other electron acceptors [10^12] . However, the enzyme was less active on acetaldehyde or N 1 -methylnicotinamide. The plant enzyme was essentially the same as the animal aldehyde oxidase in MW, subunit structure, and prosthetic groups.
Aldehyde oxidoreductases from Desufovibrio gigas, Desufovibrio alaskensis, and Desufovibrio desulfuricans, which oxidize aldehydes using an arti¢cial electron acceptor, 2,6-dichlorophenol indophenol, have been extensively characterized [13^17]. The enzyme from D. gigas is a dimer of a single polypeptide chain with 907 amino acid residues, belongs to the xanthine oxidase family; the enzyme contains a Mo^molybdpterin^cytosine dinucleotide (MCD) complex and two types of [2Fe^2S] clusters per monomer as prosthetic groups, but not FAD. On the other hand, there was little information about microbial aldehyde oxidases. Crawford and his coworkers reported an aromatic aldehyde oxidase from Streptomyces viridosporus; the partially puri¢ed enzyme oxidized aromatic aldehydes to their corresponding acids using O 2 as an electron acceptor but not aliphatic aldehydes [18, 19] .
Recently we reported the production of aldehyde oxidases by some microorganisms [20] . The partially puri¢ed preparations from Pseudomonas sp. KY 4690, Methylobacillus sp. KY4660, and Streptomyces moderatus ATCC 23443 oxidized aliphatic and aromatic aldehydes using O 2 as an electron acceptor, but not N 1 -methylnicotinamide. MWs of the native enzymes were estimated to range from 140 to 148 kDa by gel ¢ltration and each of the enzyme preparations showed three major protein bands, of which MWs corresponded to 85^88, 37^39, and 18^23 kDa, in sodium dodecylsulfate^polyacrylamide gel electrophoresis (SDS^PAGE). However, puri¢cations of these microbial aldehyde oxidases and characterizations of their molecular and catalytic properties were incomplete. This report describes the puri¢cation of an aldehyde oxidase from Pseudomonas sp. KY 4690, and its molecular structure, prosthetic groups, and electron acceptor.
Materials and methods

Chemicals
Buty-Toyopearl 650 M was obtained from Tosoh Co. Resource Q, HilLoad 16/60 Superdex 200 pg, and MW markers for gel ¢ltration were obtained from Amasham Biosciences. MW markers for SDS^PAGE were from BioRad Laboratories. All other chemicals were of the highest analytical grade available.
Enzyme and protein assays
The enzyme activity was assayed by measuring the amount of hydrogen peroxide generated during the oxidation of aldehydes. The standard reaction mixture contained 15 mM acetaldehyde, 50 mM sodium phosphate bu¡er, pH 7.0, 0.4 mM 4-aminoantipyrine, 7.0 mM phenol, 10 units of peroxidase, and the enzyme in a total volume of 3.0 ml. After incubation at 37 ‡C for 10 min, formation of the quinoneimine dye was estimated by measuring the optical density at 500 nm with a Hitachi U-2001 spectrophotometer [21] . One enzyme unit was de¢ned as the amount of enzyme that produces 1 Wmol hydrogen peroxide min 31 under the standard conditions. Protein concentration was determined by the method of Bradford [22] with some modi¢cations, using Coomassie Protein Assay Reagent (Pierce) with bovine serum albumin as the standard. Speci¢c activity was expressed as units per mg protein.
Production of aldehyde oxidase
The search for aldehyde oxidase-producing microorganisms was carried out using soil samples as the enzyme source, as reported before [20] . Among the soil microorganisms tested, a bacterium KY 4690 showed the highest aldehyde oxidase activity. For the enzyme production, Pseudomonas sp. KY 4690 was inoculated into 2-l Erlenmeyer £asks, each containing 100 ml of a yeast bouillon medium supplemented with 1% maltose, 0.2% valine, 0.2% leucine, 0.2% isoleucine, and 0.01% MnSO 4 W7H 2 O [20] . Incubation was carried out at 30 ‡C for 48 h with an agitation of 150 rpm on a rotary shaker.
Puri¢cation of aldehyde oxidase
All the following fractionation steps were conducted at 0^5 ‡C, unless otherwise speci¢ed. The wet cells (9.3 g) harvested from totally 6 l culture broth by centrifugation were suspended in 10 mM phosphate bu¡er, pH 7.0, and disrupted with Dyno-mill type KDL A. The cell debris was removed by centrifugation. The cell-free extract was subjected to heat treatment at 70 ‡C for 30 min, and the resulting precipitate was removed by centrifugation. The supernatant was brought to 30% saturation of ammonium sulfate, and applied to a column (2.8U35 cm) of ButylToyopearl 650 M pre-equilibrated with 10 mM phosphate bu¡er, pH 7.0, containing 30% saturated ammonium sulfate. After the column was washed with the equilibrated bu¡er, the enzyme was eluted with 10 mM phosphate bu¡-er, pH 7.0, containing 10% saturated ammonium sulfate. Active fractions were combined and then brought to 30% saturation of ammonium sulfate and applied to a ButylToyopearl 650 M column (1.5U10 cm) pre-equilibrated with 10 mM phosphate bu¡er, pH 7.0, containing 30% saturated ammonium sulfate. After the column was washed with 10 mM phosphate bu¡er, pH 7.0, containing 30% saturated ammonium sulfate, the enzyme was eluted with a linear gradient of 30^10% saturated ammonium sulfate in 10 mM phosphate bu¡er, pH 7. Active fractions were collected and dialyzed against 10 mM Tris^HCl bu¡-er, pH 7.0. The dialysate was applied to a column (6 ml) of Resource Q, which had been equilibrated with 10 mM Tris^HCl bu¡er, pH 7.0. After the column was washed with the bu¡er, the enzyme was eluted with a linear gradient of 0^0.3 M NaCl in the bu¡er. Active fractions were combined and used as the puri¢ed enzyme preparation.
Native-PAGE and stains
Native-PAGE was performed with a precast 8^16% polyacrylamide gel (Tefco Co.) in Laemmli's systems [23] in the absence of SDS and mercaptoethanol at 4 ‡C. After electrophoresis, half of the gel was stained for protein by Coomassie brilliant blue R-250 and the other was stained for enzyme activity by incubating for 30 min at 30 ‡C in a color-developing system consisting of 0.1 M phosphate bu¡er, pH 7.0, 15 mM acetaldehyde as substrate, 3.3 units ml 31 peroxidase, and 3,3P-diaminobenzidine tetrahydrochloride.
Determination of MW
Gel ¢ltration was carried out with a HilLoad 16/60 Superdex 200 pg column at a £ow rate of 0.7 ml min 31 with 100 mM phosphate bu¡er, pH 7.0, containing 0.1 M NaCl as the eluant. The MW markers for the gel ¢ltration were catalase (MW, 232 000), aldolase (MW, 158 000), bovine serum albumin (MW, 67 000), and ovalbumin (MW, 43 000) (Amasham Biosciences, Japan). SDS^PAGE was carried out by the method of Laemmli [23] with a precast 8^16% polyacrylamide gel (Tefco Co.) under denatured condition. The MW markers for SDS^PAGE were rabbit muscle phosphorylase (MW, 97 400), bovine serum albumin (MW, 66 200), chicken egg albumin (MW, 45 000), bovine carbonic anhydrase (MW, 31 000), soybean trypsin inhibitor (MW, 21 500), and lysozyme (MW, 14 400).
Cofactor analyses
The isolation and identi¢cation of FAD were performed by the method of Koshiba et al. [10] . Molybdenum and Fe contents were analyzed by inductively coupled plasma mass spectrometry, ICP-MS model SPQ-9000 (Seiko Instruments Inc.). Acid-labile sulfur was analyzed by the method of Beinert [24] .
The nucleotides present in aldehyde oxidase were analyzed by the method of Shra «der et al. [25] with some modi¢cations. Sulfuric acid (3% v/v) was added to a portion of the puri¢ed enzyme preparation. The mixture was boiled for 5 min, and then centrifuged (20 000Ug). Nucleotides in the supernatant were analyzed by high-performance liquid chromatography on a Cosmosil packed column 5C 18 -MS (4.6U250 mm, Nacalai Tesque Inc.) at 40 ‡C. Two solvent systems were used; one solvent was 0.1 M phosphate bu¡-er, pH 2.0, and 0.2 M sodium perchloric acid and the other was 0.2 M NH 4 H 2 PO 4 , pH 4.0. The £ow rate was 1.0 ml min 31 and elution was monitored at 260 and 280 nm. The identi¢cation was done by co-elution with authentic 5P-CMP, 5P-GMP, or 5P-AMP.
N-terminal amino acid sequences
After blotting puri¢ed enzyme from 15% SDS^polyac-rylamide gel to a polyvinylidene di£uoride membrane, the blotted protein was stained with Coomassie brilliant blue R-250. The protein bands were cut out and their N-terminal sequence analyses were carried out by an Applied Biosystems protein sequencer (Procise cLC 492cLC), according to the instruction manual.
Results and discussion
Puri¢cation and homogeneity of aldehyde oxidase from
Pseudomonas sp. KY 4690
The puri¢cation of an aldehyde oxidase produced by Pseudomonas sp. KY 4690 resulted in a 206-fold increase in speci¢c activity with a yield of 21%, as summarized in Table 1 . Native-PAGE showed the puri¢ed enzyme migrated as a single species, as stained for either protein or enzyme activity for acetaldehyde (Fig. 1) . This result also suggests that the enzyme itself oxidized acetaldehyde with O 2 as an electron acceptor.
Subunit structure
The MW of aldehyde oxidase from Pseudomonas sp. KY 4690 was estimated to be 132 kDa by Superdex 200 pg gel ¢ltration (data not shown). SDS^PAGE of the puri¢ed enzyme showed three bands corresponding to the positions of MWs of 18.0, 39.0, and 88.0 kDa (Fig. 2) , indicating that the enzyme consisted of three non-identical subunits. These results con¢rmed our previous results that its subunit structure might be heterotrimer. The MWs of three subunits of the puri¢ed enzyme were similar to those of xanthine dehydrogenase from Veillonera atypica [26] and those of CO dehydrogenases from Pseudomonas carboxidovorans and Hydrogenophage pseudo£ava [27^29], which belong to the xanthine oxidase family, although each CO dehydrogenases is a dimer of heterotrimers.
N-terminal amino acid sequences of the medium and large subunits of aldehyde oxidase from Pseudomonas sp. KY 4690 were MNRFGYAKPNAVPDA and VVHLQK- AVPRVDGPL, respectively. But the sequence of the small subunit could not be sequenced, probably due to N-terminal amino acid blocking. The amino acid sequences revealed no signi¢cant similarity to those of any other proteins deposited in the BLAST database.
Cofactors
Aldehyde oxidase puri¢ed from Pseudomonas sp. KY 4690 exhibited an absorption spectrum with maxima at 277, 325, 365, 415, 450, 480, and 550 nm (Fig. 3) . The spectrum was similar to those of CO dehydrogenases with heterotrimeric structure; the typical CO dehydrogenase has an absorption spectrum exhibiting a protein and cofactor absorption peak at 276 nm, FAD absorption maximum at 386 nm and around 450 nm, and absorptions of the [2Fe^2S] centers around 325, 420, 465, and 550 nm [27] . The puri¢ed enzyme from Pseudomonas sp. KY 4690 contained 0.89 mol of FAD, 1.0 mol of Mo, and 3.6 mol of acid-labile sulfur per mol of enzyme protein, on the basis of the MW of 145 kDa. Iron was present in the puri¢ed enzyme, and the content was 9.0 mol per mol of enzyme. But the ratio of optical densities at 450 and 550 nm of the puri¢ed enzyme was 3.0, which was comparable to those obtained with CO dehydrogenases, animal aldehyde oxidases and xanthine oxidases, suggesting that the puri¢ed enzyme contained £avin and [2Fe^2S] cluster in a ratio of 1:2 [9, 29] . The nucleotide moiety of the molybdopterin cofactor was identi¢ed as 5P-CMP by co-elution with authentic 5P-CMP in two solvent systems. The content was determined to be 0. 
Substrate speci¢city and thermostability
Aldehyde oxidase from Pseudomonas sp. KY 4690 used molecular oxygen as an electron acceptor, forming hydrogen peroxide. The oxygen speci¢city was strict ; other compounds such as 2,4-dichlorophenolindophenol, nicotinamide adenine dinucleotide, and ferricyanide were inert as electron acceptors. The electron acceptor speci¢city was di¡erent from those of aldehyde oxidases of animal and plant origins.
K m and V max values for some substrates are shown in Table 2 . Among the substrates, n-heptylaldehyde was the best substrate, followed by n-valeraldehyde, glutalaldehyde, and benzaldehyde. Formaldehyde and acetaldehyde inhibited the enzyme activity at their high concentrations. But the puri¢ed enzyme showed much higher activities for formaldehyde and acetaldehyde as well as benzaldehyde than highly puri¢ed aldehyde oxidases of animal and plant origins [6, 9, 10] .
Partially puri¢ed aldehyde oxidase from Pseudomonas sp. KY 4690 showed high thermostability [20] . Thermostabilities of some enzymes decrease, as their purities increase. In the case of aldehyde oxidase from Pseudomonas sp. KY 4690, however, the puri¢ed aldehyde oxidase as well as the crude one was stable up to 70 ‡C, and maintained 95% of the activity for the 80 ‡C treatment, following a 30-min incubation period at pH 7.0. The extremely high thermostability was a characteristic of the enzyme.
Aldehyde oxidase from Pseudomonas sp. KY 4690 is a new enzyme belonging to the xanthine oxidase family. The enzyme is apparently di¡erent from aldehyde oxidases of animal and plant origins and aldehyde oxidoreductases from Desufovibrio sp. in MW, subunit composition, substrate speci¢city, and cofactors. We have taken much interest in the potential applications of microbial aldehyde oxidases to degrade and analyze toxic aldehydes, such as formaldehyde, acetaldehyde, and glutalaldehyde, in the environment. Aldehyde oxidase from Pseudomonas sp. KY 4690, which shows high activities for the aldehydes and is thermostable, may be useful for the applications. Studies for elucidating its reaction mechanism and amino acid sequence are in progress. 
